Introduction
Despite advances in its diagnosis and management, cardiovascular disease remains the leading cause of death in western countries. Many risk factors are involved in the development of cardiovascular disease; recently, periodontal disease was recognized as a new risk factor in many epidemiological studies. The association between dental and cardiovascular disease is intriguing for the potential clinical implications, and it is independent of other risk factors. This association has been demonstrated for several localization of atherosclerotic plaques, involving coronary, cerebral and/or peripheral arteries. The finding that patients with periodontitis show also more evident carotid atherosclerotic plaques is clinically important because this disease localization is the most important cause of cerebral ischemia, in turn the main cause of disabilities in western world (A.H.A, 2002) . On this basis, the following chapters highlight the links between periodontal disease and carotid atherosclerosis, focusing on the mechanisms of this association: inflammation, dental pathogens and toxins, endothelial dysfunction, with the addition of hemorheology as a new evidence. In details, the first chapters exploit the main features of these processes (chronic periodontitis, atherosclerosis, wall shear stress in hemorheology); then, we report and analyze a series of cross sectional, prospective and intervention studies in this field. In the last section will elucidate the interplays between periodontal disease, hemodynamic forces and atherosclerosis. 111 the systemic circulation. Therefore, in the last decade numerous studies have been conducted on the atherosclerotic process in particular. This effect of periodontitis was explained by the possible translocation of periodontal pathogens from the oral cavity to the circulatory system. Furthermore, a large local periodontal production of mediators could invade the circulatory apparatus and inflammation could then cause damage to sites distant from the point of origin. Recently, some other interesting mechanisms of this association have been proposed; these new findings are delineated below, together with an overview of the pathophysiology of the arterial system.
Atherosclerosis
Atherosclerosis is commonly considered a chronic inflammatory disease that affects large and medium-sized arteries (Ross R, 1999) . Atherosclerotic lesions are at the basis of common cardiovascular disease as myocardial infarction, stroke, claudicatio intermittens. Common risk factors for atherosclerosis development include arterial hypertension, diabetes mellitus, dyslipidemia, obesity (A.H.A, 2002) . Although all arteries are exposed to the risk of atherosclerotic lesions, plaques grow in areas of disturbed blood flow and altered hemodynamic forces, in particular at arterial bifurcations (Chatzizisis YS et al., 2007) . Atherosclerotic lesions develop during many years and in a stepwise manner. Anatomically, earliest lesion is represented by the so-called "fatty streak": this is a yellow lesion of few millimeters, that develops from the first years of life as demonstrated at autopsy. Histologically, this lesion consists in foam cells (macrophages that absorb oxidized -Low Density Lipoproteins and other fats, then migrate under tunica intima of the vessels) with some T-lymphocytes, platelets and smooth muscle cells. Later, the progression of atherosclerosis leads to the atheroma formation. In fact, it continues the deposition of lipids, platelets and macrophages; these cells release growth factors that leads to SMC proliferation. SMC create a cap that contains a core of intra-and extracellular lipids (Cotran R et al, 1999) . The final stage is represented by the complication of atherosclerotic plaque: the rupture of the atheroma. In fact, for inflammation and/or production of metalloprotease, the rupture of the fibrous cap may occur; consequently, the exposition of thrombogenic lipid material to the circulating platelets induces thrombus formation in the lumen. Intraluminal thrombus can occlude arteries (e.g. coronary occlusion), but more often it detaches, moving downstream and eventually occluding smaller branches (thromboembolism, e.g. stroke as a complication of carotid atherosclerosis) (Davies MJ, 1998) . Recently, a subclinical early level of atherosclerosis has been recognized in a microscopic alteration called intima-media thickening. It is the increase of the thickness of intimal and medial layers of arterial wall, usually measured by external ultrasound. Intima-media thickening appears as a hypo-or iso-echogenic space delimitated by two hyper-echogenic lines. These lines are generated by the lumen-intima interface and the media-adventitia interface. The measurement of intima-media thickening using ultrasound has been evaluated and validated by in vitro measurements of specimens of common carotid arteries and in vivo measurement in normal subjects (Coll B et al, 2008) . A large number of studies have demonstrated that intima-media thickening is a risk factor and a marker for coronary heart disease that accurately represents subclinical vascular disease but not plaque formation or atherosclerosis per se (Johnsen SH et al, 2009 ).
However, probably there is a earlier step of atherosclerotic process, the response to endothelial injury or endothelial dysfunction (Ross R, 1998) .
Endothelial dysfunction
In order to give a definition of endothelial dysfunction, a brief overview about anatomy and physiology of the arteries is needed (Chien RS et al, 1987) . First of all, the arterial tree can be divided into different compartments, from central to peripheral arteries: elastic arteries, muscular arteries, and arterioles. Large elastic arteries have a dominant role in cushioning against pressure oscillations that result from ventricular ejection and they tend to transform pulsatile flow into a steady flow to better supply oxygen and nutrients to the tissues. Muscular arteries and even more arterioles regulate the amount and distribution of the blood in peripheral tissues. These physiological mechanisms are warranted by healthy structure and function of the arteries. In fact, it is well known that arteries not only provide a conduit for the blood, but synthesize and release several vasoactive substances in order to meet the peripheral metabolic demand. Among these substances, nitric oxide has a pivotal role in protecting against the initiation and progression of atherosclerosis via its vasodilator activity and its inhibitory activity against vascular smooth muscle cells growth, transcription of cell adhesion molecules, platelet aggregation, and leukocyte adhesion to endothelial cells. Therefore, in pathophysiology, endothelial dysfunction can be defined a pathological state of the endothelium (the inner lining of blood vessels) characterized by an imbalance between vasodilating and vasoconstricting substances produced by the endothelium. Recently, some physical forces generated by blood movements have been recognized as important players in endothelial dysfunction.
Hemodynamic forces
Many physical forces are generated during blood circulation (Bevan JA et al, 1991) . Wall shear stress is the frictional force of the flowing blood on the endothelial surface of the arterial wall. It is the product of the blood viscosity and shear rate (wall shear stress = blood viscosity x blood velocity /arterial internal diameter). In fact, shear rate is an expression of the velocity of the blood as a function of radial position in the vessel. According to this formula, apart from blood viscosity changes during circulation, arterial regions with increased internal diameter or reduced blood velocities have a low shear stress. The features of fluid flow through a tube is also dependent on flow velocity and on the presence of geometric irregularities like arterial bending and/or bifurcation, stenosis etc. Fluid flow is laminar or turbulent. Laminar flow or streamline flow, occurs when a fluid flows in parallel layers, with no disruption between the layers. In turbulent flow the velocity at any given point varies continuously over time, even though the overall flow is steady. In fluid dynamics, a measure of flow turbulence is determined by Reynolds number; for low Reynolds values, flow is laminar, whereas for high Reynolds values (typically above 2,000), flow is turbulent. In relatively straight arterial segments, wall shear stress is pulsatile and unidirectional with a magnitude that varies within a range of 5 to 70 dyne/cm 2 for mean shear stress. In contrast, mainly in regions of disturbed laminar flow, oscillating or reverse wall shear stress occurs. Wall shear stress could be low also in straight arteries of old or diseased individuals, in particular if affected by arterial hypertension, excessive body weight or diabetes mellitus. Wall shear stress deeply influences endothelial cell pathophysiology. Luminal endothelial cell surface is equipped with numerous mechanoreceptors capable of detecting and responding to shear stress stimuli. After activation of mechanoreceptors, a complex network of several intracellular pathways is triggered, a process known as mechanotransduction. In arterial regions of healthy people without flow problems, where wall shear stress varies among individuals within a physiological range, the endothelial cells express various atheroprotective genes and suppress the production of several pro-atherogenic substances, leading to arterial stability and a proper endothelial function in that region. In contrast, in regions where low and/or disturbed wall shear stress occurs, the atheroprotective genes are suppressed and the pro-atherogenic genes are upregulated, thereby promoting endothelial dysfunction and atherosclerotic process (Chatzizisis YS et al., 2007) .
Endothelial function measurement
Many efforts have focused on the development and improvement of non-invasive diagnosis of atherosclerosis based on ultrasound technology in order to evaluate arterial structure and function. Celermayer developed an ultrasound technique known as flow mediated dilation to study arterial function. This test allows evaluation of endothelial response to an ischemic stimulus. Briefly, brachial artery is visualized and baseline diameter measured. Then, ischemia is created by inflating a cuff around the forearm. Ischemia causes arteriolar dilation; this, in turn, induces reactive hyperemia for the reduced forearm resistance after cuff release. Reactive hyperemia increases blood flow through the brachial artery creating a wall shear stress elevation which increases arterial diameter. The percentage increase in diameter, calculated by measuring the diameter before and after the test, is an estimate of endothelial function in response to ischemia (Celermajer DS et al, 1992) . Vasodilation generated by the increase in shear stress following ischemia is mediated by nitric oxide, a local vasodilator. Impaired vasodilator reaction is among the earliest changes to occur during the development of atherosclerosis (Agewall S, 2003) . A different method to assess vascular function is nitroglycerin mediated vasodilation of brachial artery (an index of endothelium-independent dilatation) or acetylcholine mediated vasodilation (an endothelium-dependent vasodilator) (Kasprzak JD et al, 2006) . The alteration of flow mediated dilation is important for its potential clinical implications; indeed, as demonstrated in the Cardiovascular Health Study, brachial flow mediated dilation is a predictor of future clinical cardiovascular events in older adults, even after adjustment for other conventional cardiovascular disease risk factors (Yeboah J, 2007) . Moreover, another study has demonstrated its strong association with coronary artery disease, evaluated by angiography (Neunteufl T et al, 1997 ). An epidemiological association has been verified between endothelial dysfunction and periodontal disease, as exploited in the following chapter.
Periodontitis and endothelial dysfunction: Epidemiological association
Periodontal disease is linked with endothelial dysfunction assessed with both flow mediated dilation and acetylcholine mediated dilation.
A case-control study published in 2003 demonstrated for the first time an endothelial vasomotor dysfunction in a conduit artery in patients with severe periodontal disease. Authors assessed both flow mediated dilation and nitroglycerin-mediated dilation of the brachial artery in 26 subjects with advanced periodontal disease compared with 29 control subjects. Subjects were free of traditional risk factors and underwent a vascular examination. Patients with advanced periodontal disease had lower flow-mediated dilation compared with control patients matched for age and sex. Nitroglycerin-mediated dilation was equivalent in the two groups (Amar S et al, 2003) . Focusing on the additive role that periodontitis may play with traditional risk factors in the impairment of endothelial function, Higashi et al assessed forearm blood flow responses to acetylcholine and sodium nitroprusside in various subtypes of patients with periodontal disease. Aim of this study was to define the effects of periodontitis on endothelial function in humans avoiding the possible confounding factor of endothelial function alterations caused by other factors as hypertension, heart failure, atherosclerosis, hypercholesterolemia, diabetes mellitus, smoking, aging, and menstrual cycle. A normal control group (20 men; 26±3 years of age) was compared with a group of 32 patients with periodontitis without other cardiovascular risk factors (32 men; 25±3 years of age), and hypertensive patients without periodontitis (28 men and 10 women; 56±12 years of age) were compared with hypertensives with periodontitis (18 men and 6 women; 54±13 years of age). Both in healthy and in hypertensive subjects, forearm blood flow responses to acetylcholine were significantly smaller in the periodontitis groups than in the control groups. Sodium nitroprusside-stimulated vasodilation was similar in the 2 groups. Periodontitis impaired endothelium-dependent vasodilation in healthy young men. In patients with hypertension who have impaired endothelial function, clinical complications of periodontitis greatly increased the magnitude of endothelial dysfunction (Higashi Y et al, 2008) . Looking at more advanced atherosclerotic conditions, also carotid intima-media thickening and/or carotid plaques, the commonest cause of cerebral ischemia, resulted associated to periodontal disease.
Periodontitis and carotid atherosclerosis: Epidemiological association
Many studies report the association between periodontal disease and clinical or subclinical carotid atherosclerosis. It has been demonstrated, in cross-sectional and longitudinal studies, that periodontal disease is closely related with subclinical carotid atherosclerosis. The ARIC study, a large cross sectional study performed between 1996 and 1998, demonstrated for the first time the relationship between periodontitis and intima-media thickening. The participants received a clinical periodontal examination, and a carotid scan using high-resolution B-mode ultrasound. The results of the study showed that individuals with severe periodontal disease had 1.3 times the odd of thicker carotid arterial walls (>=1 mm) compared with individuals with less severe disease, after adjustment for traditional risk factors for atherosclerosis. The edge of 1 mm for intima-media thickening was chosen because a larger value is associated with an increased risk of cardiovascular events. (Beck JD et al, 2001) . Later, a similar study, carried out in 711 subjects with no history of stroke or myocardial infarction, demonstrated also a significant association between teeth loss, considered as a sign of past periodontitis, and carotid artery plaque prevalence. Among patients with 0 to 9 missing teeth, 46% had carotid artery plaque, whereas among those with 10 or more missing teeth, carotid artery plaque prevalence was 60% (Desvarieux M et al, 2003) . Shortly after, INVEST cross-sectional study demonstrated that carotid IMT correlated with periodontal microbiota. The analysis was adjusted for age, gender and traditional risk factors. Overall, periodontal bacterial burden was related to carotid intima-media thickening (Desvarieux M et al, 2005) . The relationship between periodontal disease and carotid atherosclerosis was further highlighted in longitudinal studies. In fact, Soder et al. assessed the role of periodontitis in the development of atherosclerosis, evaluating the relationship between periodontal disease and development of subclinical signs of carotid atherosclerosis. Eighty two subjects with periodontitis 16 years before were compared to 31 patients without periodontitis. In the follow up, patients with periodontal disease developed significantly more intima media thickening than patients without documented periodontitis. This result confirm in a longitudinal manner that periodontal disease is associated with the development of early atherosclerotic carotid lesions (Söder PO et al, 2005) . Moreover, chronic oral inflammatory diseases seem responsible of atherosclerotic plaque progression. Another longitudinal study with a follow-up of 7.5 months showed that dental and periodontal disease was significantly associated with progression of carotid atherosclerosis. The authors used known periodontal indexes: DMFT as a measure of global teeth status was predictor of prevalence and progression of the disease, irrespective of traditional cardiovascular risk factors and baseline degree of stenosis. Edentulous patients also had a significantly increased risk for disease progression as compared with dentate patients. Particularly, during the follow-up period, 11.7% of patients showed progression of carotid atherosclerosis: they had significantly higher DMFT indices compared with patients with stable carotid disease. A further analysis of the subcategories of DMFT revealed that the number of missing teeth was strongly associated with disease progression, whereas filled teeth showed only a borderline significance, and the number of decayed teeth was not significantly associated with progressive disease (Schillinger T et al, 2006) . But the presence of periodontitis is linked to carotid atherosclerosis and at its earlier step, endothelial dysfunction, also in intervention studies.
Periodontitis, carotid atherosclerosis and endothelial dysfunction: Intervention studies
A strong evidence for the link between endothelial dysfunction and periodontitis comes from intervention studies, evaluating patients with periodontal disease before and after dental treatment. Apart from previous reports, (Mercanoglu F et al, 2004; Seinost G et al, 2005) , in 2007 a large study showed that periodontal treatments lead to an improvement of endothelial function. One hundred twenty patients with severe periodontitis were randomized to receive current periodontal care or intensive treatment. Endothelial function was assessed with flowmediated dilatation before the treatment and up to 6 months after treatment. Twenty-four hours after treatment, flow-mediated dilatation was significantly lower in the intensivetreatment group than in the control-treatment group. Then, flow-mediated dilatation was greater in the intensive-treatment group than in the control-treatment group 60 and 180 days after therapy. The degree of improvement was associated with improvement in measures of periodontal disease. Therefore, intensive periodontal treatment resulted in acute, short-term systemic inflammation and endothelial dysfunction. Thereafter, the improvement of oral health was associated with improvement in endothelial function. Furthermore, recently, an intervention study has been performed in a small sample of patients suffering from periodontal disease. This study confirmed that periodontal therapy decreases total oral bacterial load, inflammation biomarkers, adhesion and activation proteins, and in addition it showed a regression of carotid IMT (Piconi S et al, 2009 ).
Mechanisms of association
Studies reporting the association between periodontitis, atherosclerosis and endothelial dysfunction have been discussed above. The present chapter elucidates the mechanisms linking these factors. First of all, it has been demonstrated that oral pathogens as Porphyromonas gingivalis can infect endothelial cells (Deshpande RG et al, 1998) . Furthermore, exposure of cultured endothelial cells to this pathogen is associated with endothelial activation and expression of cell adhesion molecules (Khlgatian M et al, 2002) . However, probably the key event driving patients affected by periodontal disease to atherosclerosis development is systemic inflammation characterizing periodontal disease. In fact, severe periodontal disease was associated with increased serum C-reactive protein levels, Interleukin-6 and many others inflammation factors (De Nardin E, 2001); furthermore, intervention studies reported a reduction of these indexes after therapy (Elter JR et al, 2006) . There are at least three ways by which inflammation in periodontal disease might cause a carotid atherosclerotic development (Figure) . First, chronic inflammation leads to endothelial dysfunction, as demonstrated by the findings that patients with chronic inflammatory disease like systemic lupus erythematosus have impairment of flow mediated vasodilation in brachial artery (Lima DS et al, 2002) . The reason of this finding can be found in experiments conducted in cell cultures. In fact, in vitro experiments have demonstrated that elevated levels of C-reactive protein, characteristics of inflammatory state, lead to reduction of nitric oxide through a reduction of nitric oxide synthase mRNA; this might impair brachial flow mediated dilation (Verma S et al, 2002) . Moreover, a systemic inflammatory state leads to an impairment of wall shear stress also in carotid artery territory. Recently it has been demonstrated for the first time, a relationship between periodontal disease and low wall shear stress. Different periodontal indices were evaluated during dental examination: Plaque Index, Gingival Index, Pocket Deep. Common carotid wall shear stress was associated with extension and severity of periodontitis. This association was independent of classical cardiovascular risk factors and age (Carallo C et al, 2010) . This is important because it has been demonstrated a strong association between low wall shear stress and intima-media thickening increase (Gnasso A et al, 1997) . The way through which periodontitis influences hemodynamic forces might be systemic inflammation, by an enlargement of arterial diameter as in rheumatoid arthritis (Irace C et al, 2004) . Furthermore, low shear stress might in turn also locally enhance vascular inflammation (Ridger V et al, 2008) . As above reported, in regions where low shear stress occurs, the atheroprotective genes are suppressed and the pro-atherogenic genes are upregulated, promoting the atherosclerotic process. Finally, systemic chronic inflammation could cause atherosclerosis per se. Ridger et al demonstrated that the presence of chronic respiratory, urinary tract, dental, and other infections amplified the risk of atherosclerosis development in the carotid arteries. Moreover, among subjects with chronic infections, atherosclerosis risk was higher in those with a prominent inflammatory response (Ridger V et al, 2008) .
Conclusions
In conclusion, periodontal diseases, mainly by a consequent systemic inflammation, have a deep influence on several old and new vascular parameters that are strictly interrelated each other, as endothelial function and hemodynamic forces. This mechanisms might contribute to explain the link between major cardiovascular disease and oral affections. Figure describes the relationship between periodontal disease and atherosclerosis, showing that this link might be mediated by various factors. First of all, periodontitis is characterized by systemic inflammation (arrow 'a'); chronic inflammation itself leads to development of atherosclerotic disease (arrow 'd'). Chronic inflammation could act also via endothelial dysfunction (arrow 'b'), that represents the first step of atherosclerotic disease (arrow 'c'). Moreover, periodontal disease is linked with an impairment of hemodynamic force of wall shear stress, probably via the inflammation (arrow 'e'). In turn, low wall shear stress could cause a worsening of atherosclerosis directly (see arrow 'f') or via a worsening of chronic inflammation (arrow 'g'). 
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